Prion diseases are fatal neurological diseases characterized by central nervous system deposition of abnormal forms of a membrane glycoprotein designated PrP (prion protein). Tg(PG14) transgenic mice express PrP that harbor a nine-octapeptide insertional mutation homologous to one described in a familial prion disease of humans. Tg(PG14) mice spontaneously develop a fatal neurological illness accompanied by massive apoptosis of cerebellar granule neurons and accumulation of an aggregated and weakly protease-resistant form of PrP that is not infectious. Previous light microscopic analyses of these mice left open questions regarding the subcellular distribution of the mutant protein and the nature of the neuropathological lesions produced. To address these questions, we undertook an immunogold electron microscopic study of Tg(PG14) mice. We found that mutant PrP is localized primarily on the plasma membrane of dendrites and unmyelinated axons in the hippocampus and cerebellum, with little labeling of either neuronal cell bodies or intracellular organelles. PrP deposits were shown to be associated with degenerative changes in dendritic structure. We also describe for the first time marked pathology in myelinated axons , and alterations in the axon/oligodendrocyte interface. Taken together , our results suggest cellular mechanisms by which mutant PrPs produce pathology. In addition, they highlight distinctions between familial and infectious prion disorders at the ultrastructural level that correlate with differences in cellular trafficking of the disease-
Transmissible spongiform encephalopathies, or prion diseases, are fatal neurological disorders of humans and animals that occur in sporadic, contagious and familial forms. 1 A key molecular event in all prion diseases is the conversion of a normal cell-surface sialoglycoprotein (PrP C ) into a conformationally altered isoform (PrP Sc ) that is enriched in ␤-sheet structure. 2 PrP Sc , which is typically identified by its increased resistance to protease digestion, has been claimed to be infectious in the absence of nucleic acid. 3 However, there is evidence that some pathogenic forms of PrP are not infectious, and that some may be protease sensitive. 4 -6 Immunohistochemical methods have been used to visualize disease-specific accumulations of PrP (PrP d ), encompassing both protease-resistant and protease-sensitive forms, in tissues of infected animals. 7 These studies have shown that accumulations of PrP d occur predominantly on the perikaryonal and dendritic plasma membranes of neurons, and within lysosomes. 8 -10 Such PrP d accumulations specifically co-localize with several kinds of cellular pathology, including abnormal endocytic structures, microfolding of the plasma membrane, and excess lysosomes. 9 In several murine scrapie models (eg, ME7), there is also conspicuous synaptic loss (not co-localized with PrP d ), as well as marked degeneration of axons. 11 Tg(PG14) mice express the murine homologue of PrP carrying a nine-octapeptide insertional mutation described in human patients with an inherited prion disease. 12 These mice spontaneously develop a fatal, ataxic, neurological illness, and they accumulate in their brains an insoluble and weakly protease-resistant form of the mutant protein that shares certain biochemical similarities with abnormal PrP derived from infectious prion sources. 13 However, PrP from Tg(PG14) mice is not infectious in transmission experiments or in cell-free amplification reactions. 5, 13 Tg(PG14) mice therefore provide an ideal model for investigation of PrP pathogenic mechanisms independent of mechanisms of prion infectivity.
The neuropathological features of Tg(PG14) mice have been previously characterized by light microscopy. 12, 14 These animals display a marked cerebellar cortical atrophy associated with apoptosis of granule neurons and thinning of the synapse-rich molecular layer. Immunohistochemistry shows accumulation of PG14 PrP in neuropil regions throughout the brain as diffuse, non-amyloid deposits previously characterized as "synaptic-like." In addition, prominent intra-axonal deposits of the mutant protein have been described in Tg(PG14-EGFP) mice that express PG14 PrP fused to enhanced green fluorescent protein. 15 The Tg(PG14) mouse represents a model of inherited prion disease in which the neuropathology induced by a mutant prion protein can be studied in detail. However, previous light microscopic analyses of Tg(PG14) brains left open several important questions. Most importantly, what is the subcellular distribution of PG14 PrP deposits, and are such deposits associated with degenerative morphological changes in neurons or other cell types? To address this question, and to compare the lesions associated with PG14 PrP to those associated with PrP d accumulations in infectious prion diseases, we have undertaken an immunogold electron microscopic analysis of the brains of Tg(PG14) mice. Our results significantly extend previous understanding of the neuropathology of Tg(PG14) mice, providing insight into cellular mechanisms operative in familial prion diseases and how these compare to the processes underlying infectious prion diseases.
Materials and Methods

Animals
Tg(PG14 ϩ/Ϫ )/Prn-p 0/0 mice (A2 and A3 lines) and Tg(WT ϩ/ϩ )/Prn-p 0/0 mice (E1 line) have been described previously. 12 Nine hemizygous Tg(PG14) mice of A2 and A3 lines and five Tg(WT) were analyzed in this study (Table 1) .
Tissue Preparation
Mice were perfusion-fixed with 4% paraformaldehyde and 0.1% glutaraldehyde, and their brains were sagittally sectioned in the midline. Half-brains were fixed and embedded in paraffin wax for preliminary light microscopic analysis to confirm the neuroanatomic distribution of pathology and PG14 PrP accumulation. From the contralateral half-brain, multiple 1-mm 3 tissue blocks were sampled from the hippocampus and cerebellum, postfixed in osmium tetroxide and embedded in araldite resin.
Light Microscopic Immunohistochemical Procedures
Light microscopic immunohistochemistry was performed using both paraffin wax-and resin-embedded blocks. Tissue sections, 3 m thick, were cut from paraffin wax blocks on a microtome, mounted on treated glass slides (Superfrost Plus; Menzel-Glaser, Germany), and dried overnight at 60°C. The sections were de-waxed and hydrated, and then subjected to antigen-retrieval procedures. Sections were immersed in 98% formic acid for 5 minutes, washed in running tap water for 5 minutes, and then immersed in 0.2% citrate buffer and autoclaved for 30 minutes at 121°C. The following blocking steps were then applied: 3% hydrogen peroxide in ethanol for 20 minutes to block endogenous peroxidase; 5% normal serum for 60 minutes followed by diluent (Vector MOM Kit: Vector Laboratories, Peterborough, UK) for 5 minutes to block endogenous mouse immunoglobulins. Immunolabeling was performed according to the avidin-biotin complex immunohistochemical staining method (VectorElite Kit ABC). The reaction product was visualized using 3-3Ј diaminobenzidine.
Anti-PrP antibodies 1A8 (1:10,000 dilution) and R24 (1:4000 dilution) were used for light microscopy of paraffin-embedded sections. 1A8 is a polyclonal antibody raised in rabbits against ME7 murine scrapie that recognizes multiple domains of the PrP molecule. 16 A pre- challenge serum from this rabbit was used as an antibody control. Monoclonal antibody R24 recognizes an epitope encompassing amino acid residues 22 to 40 within the flexible tail of PrP. 17 Similar staining results were obtained using antibodies 6H4 18 and 3F4, 19 (data not shown). Paraffin-embedded tissue sections were also labeled with an antibody against glial fibrillary acidic protein (DakoCytomation UK Ltd., Cambridgeshire, UK; 1:500 dilution) or with a monoclonal antibody recognizing phosphorylated 200-kDa and 70-kDa neurofilament subunits (DakoCytomation UK Ltd., 1:250 dilution).
Resin-embedded sections were stained for PrP using 1A8 antibody, which was the only one tested that produced satisfactory immunolabeling. One-micron thick resin sections were etched using sodium ethoxide, and pretreated with 98% formic acid for 10 minutes, followed by 6% hydrogen peroxide in water for 10 minutes. Normal serum was then applied for 60 minutes. The avidin-biotin complex immunohistochemical staining method using 1A8 antiserum (1:6000 dilution) was applied to sections, and reaction product was developed using 3-3Ј diaminobenzidine. Selected blocks with appropriate immunostained areas were then taken for ultrastructural studies.
Electron Microscopic Immunohistochemical Procedures
For routine electron microscopy, areas were selected from 1-m thick immunolabeled, resin-embedded sections; 65-nm sections were cut from selected blocks and counterstained with uranyl acetate and lead citrate.
For ultrastructural immunohistochemistry, serial 65-nm sections from selected blocks were placed on 600 mesh gold grids and etched in sodium periodate for 60 minutes. Endogenous peroxidase was blocked, and sections de-osmicated with 6% hydrogen peroxide in water for 10 minutes, followed by enhancement of antigen exposure with formic acid for 10 minutes. 1A8 antiserum or preimmune serum at a 1:500 dilution in incubation buffer was then applied for 15 hours. After rinsing extensively, sections were incubated with Auroprobe (Amersham Ltd., Amersham, UK) 1-nm colloidal gold diluted 1:50 in incubation buffer for 2 hours. Sections were then postfixed with 2.5% glutaraldehyde in phosphate buffered saline, and labeling enhanced with immunogold silver preparation for 4 minutes. Grids were counterstained with uranyl acetate and lead citrate. In addition to labeling for PrP, immunogold labeling for ubiquitin was also performed, as previously described. 9 Sections were viewed in a Jeol 1200 EX electron microscope.
The frequency of morphological lesions was scored on cerebellar grids from each mouse. Following initial examinations of both hippocampus and cerebellum, all lesions were listed and photographed. A pro-forma was created listing each lesion observed with a five-step scoring scale, as follows: Ϫ, not recorded; ϩ/Ϫ single example encountered in whole grid; ϩ present, on average, once in every 15 grid squares; ϩϩ present, on average, once in every 5 grid squares; ϩϩϩ present, on average, in most grid squares. Blind, coded grids form each cerebellum were scored using this pro-forma. Table 2 shows the average values for mildly symptomatic, terminal, and control Tg mice. Subjective estimations of lesion severity for two infectious scrapie models are included in Table  2 for comparison, but no formal quantitation was performed for these models in this study. However, these models have been characterized extensively in previously published studies. 11, 20, 21 Results Tg(PG14) mice hemizygous for the PG14 transgene array develop ataxia beginning at ϳ240 days of age, and die at 370 to 450 days of age.
14 Tg(WT) mice expressing wildtype PrP at even higher levels remain healthy and have a normal lifespan. 12 Of the nine hemizygous Tg(PG14) mice used in this study, four were mildly symptomatic at the time of analysis (246 to 264 days of age), and five were terminally ill (361 to 394 days of age) ( Table 1) . Tg(PG14) mice of both the A2 and A3 lines were analyzed with similar results.
Light Microscopy
Light microscopy of both paraffin-and plastic-embedded tissues showed histological lesions and patterns of PG14 PrP labeling similar to those previously reported. 12, 14 The cerebellum showed marked granule cell loss and thinning of the molecular layer ( Figure 1A ). Diffuse PG14 PrP accumulation was present in the molecular and granule cell layers of the cerebellum ( Figure 1A ) and throughout the hippocampus, particularly in the stratum lacunosum ( Figure 1B ). These diffuse PG14 PrP accumulations were labeled with the 1A8 antibody that recognizes epitopes throughout the PrP molecule ( Figure 1 , A and B), as well as with the R24 antibody that is directed against an extreme N-terminal epitope (not shown), suggesting that the deposits are composed of N-terminally intact protein.
Intense labeling was found in some brainstem neuronal perikarya, such as those in the locus coeruleus ( Figure  1C ). These intracellular deposits were labeled with antibody 1A8 ( Figure 1C ), but not antibody R24 (not shown), indicating that they contain N-terminally truncated protein.
Increased astrocytosis was evident with glial fibrillary acidic protein labeling ( Figure 1D ). Phosphorylated neurofilament labeling showed axonal swellings in the granule cell layer of the cerebellum ( Figure 1E ). These swellings were frequent in terminally ill mice, and were less frequent in mildly symptomatic mice.
Tg(WT) mice did not show any histological abnormalities or PrP labeling at the light microscopic level (not shown).
Subcellular Localization of PG14 PrP by Immunogold Labeling
Our experiments used a postembedding immunogold staining technique 8, 9 that does not reveal any labeling of PrP C in Tg(WT) or non-transgenic control mice (not shown), presumably reflecting low levels of reactivity of the wild-type protein under these conditions. In addition, there was no labeling of either Tg(WT) or Tg(PG14) brains with control, pre-immune serum (not shown). Tg(WT) control mice did not show any significant ultrastructural lesions (Table 2) .
In contrast, specific labeling for PG14 PrP was observed in both the hippocampus and cerebellum, and was associated with membranes of both dendrites and unmyelinated axons. Labeling was more intense and was more frequently associated with structural abnormalities of the underlying dendritic and axonal processes in terminally ill mice than in mildly symptomatic mice (Table 2) .
PG14 PrP was found on the plasma membranes of dendrites at various levels of intensity (Figure 2 ). Weak and widely dispersed labeling was not associated with detectable morphological changes in the associated dendrites. In areas where light microscopy showed more intense PG14 PrP accumulation, electron microscopy revealed focal or segmental linear accumulations of gold particles along dendritic plasma membranes ( Figure 2, A and  B) . Some of these intense areas of PG14 PrP accumulation were associated with irregularity of neurite profiles, and separation of neurites by thin strands of astrocytic or microglial cytoplasm (Figure 2 , C-E). Degenerating dendrites occurred throughout the cerebellum and hippocampus, and these were consistently associated with marked PG14 PrP accumulation (Figure 3, A-D) .
PG14 PrP labeling was also observed on membranes of axons, mostly those that were of small diameter and unmyelinated. Labeling was present on axonal shafts, on pre-terminal segments, and on or near axonal boutons. No specific labeling was identified on or adjacent to the axonal pre-synaptic density. Similar to the PG14 PrP labeling found on dendrites, the labeling on axons occurred as single immunogold foci or as dense immunogold deposits along linear segments of membrane (Figure 4, A-D) . In some cases, axonal labeling occurred in the absence of any abnormalities of axonal structure, but morphological changes in axons were seen in other labeled areas. We observed a reduction in the density of parallel fibers (granule cell axons) in the molecular layer of the cerebellum, which correlates with the marked thinning of the molecular layer seen by light microscopy in terminally ill mice ( Figure 1A ; see also 22 ). Thinning of the molecular layer was associated with increased contour irregularity, and shrinkage or atrophy of parallel fiber axons ( Figure 2D ), accompanied by increased extracellular spaces and/or excess interweaving of glial processes. However, no frank degeneration of parallel fiber axons was observed. Despite prominent PG14 PrP labeling along the membranes of small diameter axons in several brain regions, degenerative changes were observed only in some mossy fiber terminals of the cerebellar granule cell layer, but not elsewhere. However, mossy fiber degeneration is probably not specific to Tg(PG14) mice, since it was also rarely observed in Tg(WT) animals.
It was not always possible to determine the precise cellular origin of processes showing membrane-associated PG14 PrP labeling. However, where labeling was light, and the silver-enhanced immunogold accumulations were small (10 to 15-nm diameter), PG14 PrP could often be localized to individual membranes. Much of the light dendritic labeling was in this form. Even when silverenhanced immunogold deposits had a larger diameter (Ͼ20 -nm) and spanned membranes of adjacent processes, labeling could be confidently ascribed to dendrites when each opposing membrane belonged to a dendritic profile (Figure 2A) . Similarly, labeling was found on axo-axonal (Figure 4 , A-C) and axo-dendritic ( Figure  4D ) contacts, as well as on axo-somatic and axo-glial contacts (not shown), suggesting that axonal membranes are another source of the linear accumulations of PG14 PrP. In situations where linear segments of labeling were observed over adjacent axonal and dendritic membranes, these often appeared as parallel lines ( Figure  2B ), with one line of label on each membrane.
The distribution of immunogold particles spanning pairs of adjacent membranes suggested the possibility that PG14 PrP aggregates could be transferred between adjacent cells, as has been shown to be the case for infectious PrP d . For example, PrP d appears to be transferred from astrocytes to neurons in transgenic mice that express PrP selectively in astrocytes. 20 One suggested mechanism for cell-to-cell transfer of PrP d involves exo- somes. 23 However, no exosomal structures were seen in the present study. In sheep scrapie, it has been proposed that a protein complex involving PrP d , a membrane spanning ligand, and ubiquitin is transferred from one membrane to an adjacent one. 9 However, we did not observe co-localization of PG14 PrP deposits with ubiquitin by immunogold labeling, and in both Tg(PG14) and Tg(WT) mice ubiquitin, labeling was confined to a mi- 
nority of multivesicular bodies and lysosomes (not shown).
We only rarely observed immunogold labeling for PG14 PrP over organelles of the secretory or endocytic pathways in neuronal cell bodies (not shown). On three neurons in both hippocampus and cerebellum, small foci of PG14 PrP accumulation were found in the endoplasmic reticulum. Intralysosomal PG14 PrP accumulation was occasionally observed in neurons of the hippocampus and cerebellar granule cell layer, and in astrocytes and microglial cells. Lysosomal labeling was more frequent in neurons of the locus coeruleus, corresponding to the intense intracellular labeling seen by light microscopy ( Figure 1C ). These neurons appeared morphologically normal.
In agreement with light microscopic and DNA laddering studies, 14, 22 apoptotic neurons were commonly identified by electron microscopy in the cerebellum of Tg(PG14) mice, and were occasionally found in the hippocampus. None of the apoptotic neuronal cell bodies were associated with PG14 PrP labeling (not shown).
Pathology of Myelinated Axons in Tg(PG14) Mice
One striking feature observed in our electron microscopic analysis, which had not been appreciated in previous light microscopic studies, was the presence of abnormalities in myelinated axons. These abnormalities were seen primarily in single myelinated processes as they traversed gray matter, most conspicuously in the granule cell layer of the cerebellum. Axons in major white matter tracts (in the cerebellum or corpus callosum, for example) were generally not affected. Axonal pathology was of greater severity in older mice (Table 2) . Notably, none of the axonal inclusions or lesions of myelinated axons described below showed any immunogold labeling for PG14 PrP.
One type of axonal lesion consisted initially of an increase in diameter and organelle content, leading progressively to markedly swollen axons, often adjacent to nodes of Ranvier or paranodal segments. Swollen axons were packed with ϳ8-to 10-nm diameter filaments, and varying amounts of endoplasmic reticulum and mitochondria ( Figure 5A ). Based on their frequency and distribution, the swollen axons observed by electron microscopy likely correspond to those identified by light microscopy using antibodies to phosphorylated neurofilament subunits ( Figure 1E ). The individual filaments within the swollen axons had a diameter consistent with their identification as neurofilaments.
Another lesion of myelinated processes consisted of a proliferation of the inner mesaxons, which represent the inner tongues of oligodendroglial cytoplasm in a myelin- ated axon ( Figure 5, A-C) . Some of these lesions displayed a highly complex pattern characterized by many small axonal sprouts ( Figure 5B ) and invasion of the axoplasm by the oligodendrocyte mesaxons. Sometimes both axonal inclusions and axonal-oligodendrocyte pathology occurred in the same myelinated process ( Figure 5A ).
Other abnormalities of myelinated axons included Wallerian-type degeneration (suggesting loss of axons), excessively thick myelin (suggesting axonal atrophy), and tubulo-reticular inclusions ( Figure 5C ). We also observed increased nodal gaps and unmyelinated ( Figure 5D ) or poorly myelinated segments ( Figure 5E ), suggestive of an ongoing repair process.
Discussion
This study is the first ultrastructural analysis of the brains of Tg(PG14) mice, which model key features of familial prion diseases in humans. Our results reveal prominent accumulations of PG14 PrP along both axonal and dendritic membranes. In addition, we describe specific ultrastructural lesions of both axons and dendrites. Our results suggest cellular mechanisms by which mutant prion proteins produce pathology, and they allow a detailed comparison of the subcellular pathology of familial and infectious prion diseases.
Cellular Localization and Trafficking of PG14 PrP
Previous light microscopic immunohistochemical studies of Tg(PG14) mice identified diffuse punctate deposits of PG14 PrP in the cerebellar cortex, and gray matter of the hippocampus and neocortex.
12,14 These deposits were characterized as "synaptic-like," since they had a distribution reminiscent of synaptic terminals. However, their subcellular localization was unknown. The results presented here demonstrate that PG14 PrP accumulates on the plasma membranes of dendrites and axons. Although in some cases PG14 PrP was found on pre-terminal axonal membranes, it was never associated with pre-or post-synaptic densities. Thus, the accumulations are not truly synaptic in their localization.
Previous studies have shown that PrP C is trafficked along secretory pathways and distributed to the cell surface, where it is attached by its glycosylphosphatidylinositol anchor. 24 At steady state, PrP C is localized primarily on the plasma membrane and in the Golgi apparatus of cultured cells. 25 PrP C is expressed on axons of mature hippocampal neurons in culture 26 and embryonic retinal ganglion cells in explants, 27 and has been visualized on both dendrites and axons by cryoelectron microscopy of brain tissue. 28 In the brains of transgenic mice expressing an EGFP-tagged version of wild-type PrP, the fusion protein is localized primarily on axons and presynaptic terminals, and is excluded from cell bodies and dendrites. 29 Some aspects of the cellular distribution and trafficking of mutant forms of PrP differ from those of wild-type PrP C . Mutant PrPs, including PG14 PrP, are partially retained in the endoplasmic reticulum of cultured cells, and are inefficiently delivered to the cell surface concomitant with a delay in the oligosaccharide processing of these molecules. 25, 30, 31 Pulse-chase labeling experiments indicate that conformational alteration of PG14 PrP molecules is a step-wise process that begins soon after synthesis in the endoplasmic reticulum, with the protein becoming gradually more aggregated and protease-resistant with time. 32 These molecular alterations likely contribute to impaired movement of mutant PrP through the secretory pathway.
In contrast to these studies of cultured cells, in the present investigation we only rarely observed immunogold-labeled deposits of PG14 PrP in neuronal perikarya associated with organelles of the secretory pathway. This discrepancy probably reflects the lability of monomeric or small aggregates of PG14 PrP found in these intracellular sites to the postembedding labeling technique used for electron microscopy. It is possible that, once PG14 PrP reaches the plasma membrane, it accumulates as larger aggregates or is otherwise stabilized as a multimolecular membrane complex that can be visualized by electron microscopy. Intracellular PG14 PrP labeling was found in lysosomes of some neurons in the locus coeruleus. At these sites, PG14 PrP was N-terminally truncated, consistent with internalization from the cell surface and subsequent processing by lysosomal proteases.
Recently, we characterized the localization of PG14 PrP in brains of Tg(PG14-EGFP) mice expressing a fusion of the mutant protein to enhanced green fluorescent protein. 15 Aggregates of the PG14 PrP-EFGP were prominent in myelinated and unmyelinated axonal tracts in brain and peripheral nerve of these mice, and similar deposits were seen in the processes of cultured neurons expressing the fusion protein. In contrast, in the present study PG14 PrP was not observed within axons, but was seen on plasma membranes of single, unmyelinated but not myelinated axons. The absence of intra-axonal PG14 PrP in ultrastructural studies may be due to the loss of intracellular PG14 PrP during tissue preparation, although artifactual effects of the EGFP tag, or the relatively low expression level of the fusion protein in Tg(PG14-EGFP) mice may also be factors.
Significance of Axonal/Oligodendroglial Pathology
A major form of pathology that was not appreciated in previous light microscopic analyses of Tg(PG14) mice involves abnormalities in myelinated axons and axonoligodendrocyte interactions, which begin in the early symptomatic phase. Several of these abnormalities are suggestive of impaired axonal transport, in particular axonal swellings, filamentous inclusions, nodal increases in organelle content, and Wallerian-type axonal degeneration. Thus, the axonal pathology described here is consistent with our proposal, based on analysis of Tg(PG14-EGFP) mice, 15 that PG14 and other aggregation-prone PrP molecules could induce pathology by blocking or altering normal axonal transport processes.
We also observed lesions suggestive of dysregulation of axonal-oligodendrocyte interactions, including segmental variation in myelination, invasion of axoplasm by oligodendrocyte processes, and a distinctive proliferation of inner-tongue, oligodendroglial cytoplasm (mesaxonal proliferation). It is possible that these abnormalities reflect reaction of the oligodendrocyte to the presence of intra-axonal PG14 PrP aggregates or other toxic inclusions, analogous to a mechanism that has been proposed for toxic leukoencephalopathies. 33 Mesaxon proliferation has been described in the optic nerves of a rodent model of infectious prion disease. 34 In this model, however, mesaxonal changes are subtle, and may be a nonspecific component of widespread white matter tract degeneration common to panencephalic forms of rodent prion disease. In addition, mesaxonal proliferation in rodent models of infectious prion disease is not accompanied by other changes such as axonal sprouting or inclusions found in the Tg(PG14) mouse. Thus, we consider the white matter pathology induced by the PG14 mutation to be unique.
Strikingly, none of these lesions of myelinated axons is associated with immunogold-labeling for PG14 PrP. However, if PG14 PrP is subject to rapid anterograde or retrograde axonal transport, it might be present only transiently or at low levels at any particular point along the course of the axon. Moreover, the protein may undergo degradation as part of the neurodegenerative process.
Other Neurotoxic Mechanisms
Besides axon-oligodendrocyte lesions, our results show degenerative changes in dendrites that colocalize with plasma membrane deposits of PG14 PrP. We also observed lesions of unmyelinated axons that were associated with labeling for PG14 PrP, including atrophy and irregularity of axonal contours. These results suggest that accumulations of PG14 PrP may be directly toxic to axons and dendrites, perhaps by physically damaging the structure of the plasma membrane, or by activating pathological signaling pathways. Both dendritic and axonal changes may also be secondary to interaction with glia, a possibility suggested by our observation that PG14 PrP-labeled dendrites and unmyelinated axons were often enveloped by glial processes. PG14 PrP at the plasma membrane could elicit glial envelopment, thereby removing synaptic contacts, and resulting in loss of anterograde or retrograde signals. Finally, aggregates of the mutant protein may interact with other membrane constituents to alter physiological function in the absence of morphological change.
Apoptotic granule neurons in the cerebellum were not labeled for PG14 PrP although degenerated dendrites and neurites ensheathed by glial cells were labeled. Potentially, damage to granule cell neurites may lead to apoptosis in the absence of perikaryonal PG14 PrP labeling. Deletion of the pro-apoptotic protein, Bax, from Tg(PG14) mice preserves granule neuron cell bodies, but fails to prevent shrinkage of the molecular layer or clinical disease. 22 Thus, neurological deficits correlate with loss of neuronal processes rather than cell bodies. The morphological changes in axons and dendrites we have described here are consistent with this proposal. We did not observe acutely degenerating parallel fibers in the molecular layer that would correspond to axons of apoptotic granule neurons, most likely because such fibers undergo involution and retraction rather than frank degeneration.
Comparison with Infectious Prion Diseases
The present study highlights several differences between the lesions seen in Tg(PG14) mice and those present in infectious prion diseases ( Table 2 ). Distinctive morphological features of infectious prion diseases that are absent from Tg(PG14) mice include vacuolation, tubulovesicular bodies, and several morphological changes of plasma membranes such as abnormal spiral invaginations and presence of excess ubiquitin. 9, 20 Conversely, the axonoligodendrocyte abnormalities seen in Tg(PG14) mice are absent in the infectious prion diseases. 8, 11 There are also notable differences between PG14 PrP and PrP d in their localization and associated morphological changes. Previous studies of infectious prion disease show that PrP d accumulates primarily on neuronal perikaryonal and dendritic plasma membranes, with little specific accumulation on axons. 8, 9, 11 In contrast, PG14 PrP is present on both axonal and dendritic plasma membranes, but not on perikarya. Additionally, PrP d in infectious prion diseases is distributed uniformly on plasma membranes and is colocalized with ubiquitin, abnormal endocytosis, and membrane microfolding. In contrast, PG14 PrP accumulations often occupy a continuous length of membrane, do not colocalize with ubiquitin, and do not elicit abnormal endocytosis or microfolding. Finally, Tg(PG14) mice show frank necrosis of dendrites but not axons, while the reverse is true in rodent scrapie.
11
These distinctions between the pathology seen in Tg(PG14) mice and in infectious prion disease likely reflect differences between PG14 PrP and PrP d in cellular localization, trafficking, and metabolism. PrP C is located primarily on the plasma membrane, and during prion infection undergoes conversion to its abnormal counterpart on the cell surface or following internalization into endosomes. 35, 36 In contrast, PG14 PrP undergoes conformational alterations in the secretory pathway, and as a consequence is not delivered efficiently to the plasma membrane. 25, 30, 32 In neurons, PG14-EGFP is exported into axons, where it forms intracellular aggregates. 15 Thus, differential involvement of secretory versus endocytic pathways in the trafficking of PG14 PrP and PrP d , respectively, may explain differences in the localization of the two kinds of abnormal protein.
Even though it is not transmissible, PG14 PrP shares several key biochemical properties with PrP d . 13 These include aggregation propensity, protease resistance, patterns of epitope exposure, and binding to metal ions and phosphotungstate. Thus, although PG14 PrP and PrP d display different distribution profiles at the ultra-structural level, at least some of the molecular mechanisms underlying their pathogenicity may be similar. To test this possibility, it will be necessary to understand more about the cellular signaling pathways underlying the neurotoxicity of both mutant and infectious forms of PrP.
